A comprehensive analysis of fabric "hand" or "feel" can be obtained by a full evaluation using the "Kawabata" or "Fast" systems. However, for quick, cheap ranking of only the main factors of hand, the ring and slot methods can be used. In a ring test the fabric is pulled through a ring and the maximum force is taken as a measure of the fabric hand. In the slot test, the fabric is pushed through a slot and the complete force deflection curve is measured. An analysis of the mechanics of this test is given in this paper and shows that (because of the simpler test configuration) the initial slope gives a measure of the fabric flexural rigidity or stiffness while the ratio of the maximum load to the initial slope gives a measure of the fabric friction or smoothness. Thus in a single test we can measure "hand", "stiffness" and "smoothness" directly. By parallel measurements of the fabric shear and compression, we can assess the fabric "drape" and "softness".
Introduction
The hand, handle or feel of a fabric plays an important role in the decision by a customer to purchase one or another fabric. The fabric producers and garment manufacturers would love to have a simple, cheap objective test to duplicate this subjective customer assessment.
Often they rely on a panel of experts whose subjective assessment is supposed to reflect that of the customers. Ultimately the goal is to replace such a judgment by one or two objective tests which will give essentially the same information and ranking as the panel subjective judgment.
There are two main approaches to developing such an objective method. These can be called (I) the Kawabata method and (II) "hand" testers. These are discussed next.
Both of these methods require the purchase of several pieces of expensive equipment as well as the significant cost of testing each fabric along with some rather delicate expert statistical data weighting and analysis. This is certainly the best method for basic research.
"Hand" Testers
For production and routine research screening, however, it is desirable to have an alternative simple, cheap, easy test giving only a few main values of assessment rather than seventeen! This requires that there is a prior agreement as to which of the main fabric properties are those which are mainly responsible for fabric hand. Essentially we want to replace the 17 Kawabata parameters by only the two or three main principal ones and eliminate the multifactor statistical correlation methods, if possible.
Peirce [4] was the first to attempt to do this scientifically and concluded that hand and feel depended on stiffness, softness and smoothness and in order to measure the "stiffness" or "flexural rigidity" of a fabric he developed the bending length test. The roles of "stiffness", "smoothness" and thickness or weight in determining hand were confirmed by Haworth [5] [6] for suitings, dresses and lingerie fabrics by the use of multi Factor Analysis. "Smoothness" is presumably determined by the fabric surface roughness and coefficient of friction so that the properties to test in a "hand" tester are some combination of the fabric stiffness or rigidity and its surface frictional and topological characteristics. These can be measured by ring or slot tests.
The Ring Test
Many ring testers have been developed and some are currently available on the market. Some of these are the Drape Resistance tester, the Fabricometer or tactometer and the Hand Feel Comparator discussed in the INDA Softness-Hand Research Study [7] , the Dexter Ring and Rod Softness Tester [8] , the NASA Handle Tester [9] , and the U. Maryland Tester [10, 11] . These have been used to measure paper and nonwovens as well as knits and woven fabrics. Some are stand-alone testers while others are Instron attachments. They are claimed variously to measure hand, feel and drapeability and also "softness". However, Elder [12] shows that softness is due to compression only, so that a softness tester is not necessarily a Hand and Feel or Drape tester.
The ring method is simply to pull a fabric through a smooth ring and measure the maximum force. Clearly this force depends on the fabric stiffness and surface properties (smoothness and friction) as well as the fabric thickness and its shearability. Values are found to correlate extremely well with panel subjective rankings and have been used as an empirical test for centuries [10] .
An analysis of the mechanics of this 3D Extraction method has been given by Alley & McHatton [9] and subsequently improved by Alley [13] and more recently by Pan & Yen [14] .
The Slot Test
An alternative to the ring test is one where the fabric is pulled or pushed through a slot rather than a ring. The slot or gap can be adjusted to any desired width between two plates [15, 16, 17] . One such tester is the Handle-o-meter [18] which was described in a Tappi proposed standard for "softness" [19] .
This tester operates with a blade on an arm which pushes the fabric into the slot. Because of the arm, this tester can be operated on-line, at least in principle. A similar test is the Handmeter which is a simple attachment for the Instron [20] .
The use of a slot rather than a ring is an important difference. It means that one can measure stiffness and friction in a clear unambiguous manner and these are assumed to be the main components (with thickness and weight) of hand and feel. The ring test involves these along with shear and hence is perhaps a better indicator of "drape" rather than of "hand"! Of course, an extra, separate shear test could be used to complement the hand data from the Handmeter to give the complete information about the drape characteristics of a fabric.
The important thing is that the mechanics of the 2D slot are much easier to analyze than for the 3D ring. This analysis is given next.
Figure 1 THE TEST ARRANGEMENT

Figure 2 FORCES INVOLVED IN THE FABRIC DEFORMATION Theoretical Analysis of the Slot Test
The basic action of the test is simply to pull (or push) a fabric through the slot at a constant rate, while measuring the resultant force on the center point of the fabric as indicated in Figure 1 . The analysis of the mechanics is similar to that considered in classical Elasticity theory [21] for the large deflections of a plate (or Elastica) but with extra deflecting forces. All the forces and moments are shown in Figure 2 .
The fabric weight and thickness are initially considered to be negligible.
Balancing forces and moments gives the normal reaction force as and the horizontal force is
Balancing moments and differentiating gives
Integrating and using the boundary condition gives when taking the negative root.
As = 0 at the point B we can find and taking moments about A gives and hence
- (1) which is the expression for the deflection of the center point of the beam (or fabric) as a function of under a load L for a gap (or slot) width a and a friction angle , obtained from the coefficient of friction µ by µ = tan . is the fabric inclination angle at the point of contact A while EI is the flexural rigidity per unit width of the fabric. We can obtain an expression for the gap by integrating or After some manipulation, this leads to
- (2) where p = sin and and while and are incomplete elliptic integrals of the first and second kinds, respectively, with modulus p.
This last equation (2) has been given by Frisch-Fay [22] and gives the load L as a function of the inclination angle a . Unfortunately a is unknown and difficult to measure in our test, so that eq. (2) is not useful as it stands. However, as eq. (1) gives the relationship between the L, a and the deflection we can eliminate a and obtain the load-deflection relation directly relating L to -or, alternately -we can select a , calculate L from eq. (2) and from eq. (1), using a as a parameter, to obtain L as a function of implicity.
Using eqs. (1) and (2), is plotted against in Figure 3 as a series of curves with only one variable, the surface friction µ . Interestingly the normalized initial slope is seen to be independent of the friction µ , but the peak load L m (which has been taken as a measure of hand [20, 23] ) is seen to be affected by the friction as are all of the subsequent decreasing loads. Calculating a shows that the maximum occurs when and the loads are small by the time . Often, in ring and slot tests the maximum load has been called the "softness" [11] [19]. However, as it has been shown that "softness" is related more to compression [12] , which is absent in the slot test, then we must take L m in the slot test as a measure of "hand" or "feel" rather than "softness". This conforms to the terminology of others [10] . In passing, we can note that the corresponding sample deflected length S is given by -(3)
Figure 3 THE LOAD-DEFLECTION RELATIONSHIP
We will not use this result here as S is difficult to measure. Figure 3 suggests that the normalized initial slope S o is constant and we can confirm this and obtain this value by solving These last two terms are obtained directly from the limits of eqs. (2) and (1) as given by eqs. A4 and A5 in the Appendix. The results are and for general , ignoring terms in a 2 and above.
Curve Parameters Flexural Rigidity
Thus we see that or
The limiting value when a o agrees correctly with the classical result from small strain theory [21] .
- (4) Thus we can obtain the flexural rigidity per unit width of the fabric EI directly from the measured initial slope S o and the slot width a. If we also measure the fabric thickness t, we can calculate the moment and from the rigidity EI we can obtain the bending modulus E and even an estimate of the bending length c from [4] where is the weight/unit area.
Also we note that . Figure 3 shows that, whereas the initial slope S o is independent of the friction µ , the maximum L m of the normalized master load-deflection plot is highly dependent on µ (or tan ). Differentiation of eq. (2) for the maximum in the curve may be difficult but an approximate graphical relationship may be practically useful.
Coefficient of Friction Examination of
By plotting the curves of for every 5º from 0 to 45º (0<µ <1) we can obtain the general relationship between the maximum Y m and µ . We find that approximately -
Hence, as EI has been obtained from the initial slope S o by using eq. (4), µ can be obtained directly from the measurement of the peak force or load L m of the experimental curve by using eq. (5). The only other value needed is that of the known slot width a.
Further examination of Figure 3 shows that the maximum occurs when . This is a good check that the measurements are valid. There may be some combinations of EI, a and t which are inappropriate. This is discussed later.
Discussion
Maximum Load and Hand
When a fabric is pulled or pushed through a straight slot, the maximum load L m is taken as a measure of fabric "hand" or "feel". [19, 23, 10, 24] rather than "softness" [20] .
The analysis given in this paper shows that the initial slope of the load-deflection curve from the slot test gives the fabric stiffness or flexural rigidity EI, while the ratio of maximum load L m to initial slope S o , from eqs. (4) and (5) gives the friction from and allows µ to be calculated for a particular slot width a. Thus this test gives us "hand", "stiffness" and "friction" directly. Certainly stiffness EI and effective surface friction µ (allowing for roughness) are two of the main factors in "hand". Whether this test always combines them in the appropriate correct proportions as sensed when judging the hand of a fabric, remains to be universally established. However, several correlations with groups of people appear to agree well, at least in groups of similar fabrics as given later. Certainly to at least a limited degree, we can "measure the immeasurable".
[25] A couple of such ranking evaluations are described later.
Slot Gap Width
Equations (4) and (5) suggest that knowledge of the slot width a is the only extra factor needed besides the load-deflection curve. However, the analysis given here ignores the fabric weight/unit area W and its thickness t. Thus if a particular fabric has a low rigidity and is heavy, it will require to be tested with a narrow slot width! The slot width however must be greater than twice the fabric thickness plus the width of the deflector. Hence, the deflector should be relatively narrow and radiused as also should the slot contacting edges.
It should be noted that the measured friction is the value between these edges and the fabric so that the edges should
Also when the fabric is much stiffer in one direction (warp or wale, etc.) than the other then different gaps may be required for MD and TD tests. Secondly if the fabric has a finish on one surface or has a two-sided structure one often detects significantly different top to bottom frictional properties due to physical or topological causes. When done properly, the test is extremely sensitive to such differences. An extension of the theory to deal with fabric weight/unit area W and thickness t might allow appropriate corrections from a single set of test conditions. Until such a time, caution should be used when comparing different fabric types and different constructions. Also different types may need quite different test settings of gap width so that knits should generally not be tested like nonwovens, etc. 
Some Results
One series of acrylic double knits were ranked 1 to 6 (soft to harsh) by a panel of judges and tested on a handmeter with the following results shown in Table 1 .
It is seen that the fabric ranking reflects mainly thickness and stiffness differences -as the friction or smoothness values L m / S o are almost constant. Fabric 3 is the only outlier from a perfect correlation of "hand" L m with the Subjective Rank order.
A second woven fabric series with a common warp but different fillings were rated in Table 2 by a panel of experts from 1 to 5 (most desirable to least desirable).
Here the hand or maximum load values L m agreed perfectly with the subjective panel ranking. In this case desirable fabrics (for this end use) were those which were less stiff (S o ) but had larger "friction" values (L m / S o ).
Next, two washed nonwovens were tested, one being judged "soft" and one "harsh." The relevant values are given in Table 3 .
Here we see that the "harsh" fabric was actually less stiff but had a much larger friction value L m / S o than the "soft" fabric. In this case, the friction or roughness property dominated. 
Conclusions
An analysis of the mechanical action of the slot type of "hand" test is given. This allows one to directly obtain the hand, stiffness and smoothness properties of a fabric from a single test using an Instron attachment. Some examples are given where the results obtained correlate well with panel rankings of the same fabrics.
By also making a shear measurement of the fabric, we can obtain the "drape" characteristics of the fabric as well as its "hand" or "feel". A further measurement of its compression would give a measure of fabric "softness". These are different properties which may be related. The ring or extraction tester may give a better direct measure of "drape" characteristics. The slot and ring methods described here are suitable for rapid, development evaluation, but for research needs one should perhaps use the comprehensive Kawabata or Fast methods. etc., up to where terms in a 2 are needed in Y to obtain the first order expansion of X.
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